Mitochondria play pivotal roles in cellular homeostasis through a multiplicity of actions, including -- but not limited to -- ATP generation, Ca^2+^ buffering, and regulation of reactive oxygen species (ROS). Importantly, the mitochondrial respiratory complex (MRC), which comprises five distinct multimeric units lining the mitochondrial inner membrane, is critical in the formation of ATP ([@b14]; [@b27]). However, when there is excessive electron flux or shunting through the MRC (i.e., through disruption of redox reactions or increases in the mitochondrial membrane potential, ΔΨ), there is increased ROS production and inhibition of ATP synthesis. Such an imbalance in ATP and ROS generation by the MRC is believed to contribute to the pathogenesis of neurodegenerative diseases (ND) ([@b10]; [@b39]; [@b24]; [@b50]).

Mitochondrial respiratory complex inhibitors such as rotenone (Rot) and 3-nitropropionic acid (3-NP) can induce neuropathological changes in both *in vivo* and *in vitro* models of Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease and amyotrophic lateral sclerosis, comparable to that seen in humans ([@b1]; [@b54]; [@b32]; [@b67]). As synaptic transmission is highly dependent on mitochondrial products such as ATP and ROS ([@b27]), it was reasoned that synaptic integrity under such pathological conditions would be compromised. In support of this, MRC dysfunction has been reported in patients with AD and Huntington's disease who exhibit cognitive/memory impairment and failure of energy metabolism ([@b18]; [@b13]; [@b48]). Further, it has been shown that MRC inhibitors impair field potential activity in the rat hippocampus, the primary locus of memory and cognitive consolidation ([@b11]). Collectively, these observations suggest that maintenance of mitochondrial respiration may be essential for the preservation of synaptic integrity. However, direct evidence linking hippocampal synaptic suppression arising from MRC dysfunction and an imbalance in ATP/ROS production has not been forthcoming.

The ketogenic diet (KD) is a remarkably effective non-pharmacological treatment for patients with intractable epilepsy, and is designed to reproduce the biochemical changes seen upon fasting, as well as during suckling periods in immature animals ([@b28]; [@b51]). Further, there is mounting evidence that the KD and some of the metabolic substrates elaborated by the KD exert neuroprotective activity. Specifically, the two major ketones, (R)-(−)-3-hydroxybutyric acid (BHB) and acetoacetate (ACA), have previously been shown to enhance neuronal viability in models of hypoxic-ischemic brain injury, and other experimental models of ND ([@b12]; [@b26]; [@b60]; [@b64]; [@b41]). Furthermore, KTX-0101, a synthetic BHB ester-linked polymer has shown promise in early clinical trials as a potential treatment for ameliorating cognitive impairment in Alzheimer's disease ([@b58]). And more recently, Axona (ACC-1202) -- a medical food that is metabolized into ketone bodies--was approved by the US FDA for the treatment of moderate Alzheimer's disease.

However, despite mounting evidence for the potential beneficial effects of ketones in various ND, whether these substrates can preserve synaptic function under conditions of MRC dysfunction remains unclear. To address this issue, we examined whether MRC dysfunction induced by either Rot or 3-NP resulted in hippocampal synaptic impairment using cellular electrophysiological methods, and then asked whether this was because of changes in ATP and/or ROS production using fluorescence imaging and biochemical assay techniques. We found that ketones exerted a protective effect in our model, likely through either antioxidant modulation and/or ATP generation.

Materials and methods
=====================

Preparation of brain slices
---------------------------

All animal handling protocols were approved by the Institutional Animal Care and Use Committee at the Barrow Neurological Institute and St. Joseph's Hospital & Medical Center. Transverse hippocampal slices (400 μm) were prepared from brains of 4- to 7-week-old Sprague-Dawley rats. Following decapitation, the whole brain was rapidly isolated and submerged in ice-cold oxygenated physiological saline (composition in mmol/L: 124 NaCl, 1.8 MgSO~4~, 4 KCl, 1.25 NaH~2~PO~4~, 26 NaHCO~3~, 2.4 CaCl~2~, and 10 [d]{.smallcaps}-glucose; pH = 7.4). Slices were cut using a standard vibratome (The Vibratome Company, St. Louis, MO, USA), and then transferred to an incubation chamber containing physiological saline bubbled with 95% O~2~/5% CO~2~ at 35°C for 1 h.

Electrophysiology
-----------------

Each slice was transferred into a submersion-type recording chamber attached to an Axioskop FS2 microscope (Carl Zeiss Microimaging, Inc., Thornwood, NY, USA) and superfused with warm (35 ± 1°C) physiological saline at a rate of 3--4 mL/min before the start of each experiment. Population spikes (PS) were evoked by stimulation of Schaffer collaterals using a bipolar concentric electrode and recorded in the stratum pyramidale of cornu Ammonis (CA) 1 with a recording electrode (2--6 MΩ tip resistance, backfilled with 2 mmol/L NaCl) connected to a Multiclamp 700A amplifier and digitized with a Digidata 1322A interface (Axon Instruments, Union City, CA, USA). Stimulation parameters were as follows: pulse duration (100 μs), stimulus intensity (20--100 μA) set to 50% of the maximal PS amplitude. After obtaining a stable evoked PS, changes in PS amplitude during test compound application were digitally stored for later off-line analysis. Upon Schaffer collaterals stimulation, excitatory post-synaptic potentials (field potential) were induced at a control test frequency of 0.05 Hz (0.1 ms, 20--100 μA) from the stratum radiatum of CA1. From a standard input-output curve (i.e., stimulus intensity vs*.* field potential amplitude), the baseline field potential amplitude (over 1 mV) was set to 50% of the maximum responses. Recorded field potential data were filtered at 3 Hz, sampled at 10 kHz using pClamp, and analyzed using Clampfit (Axon Instruments). All electrophysiological experiments were conducted following stabilization of the baseline amplitude for both PS and field potentials during a 30 min physiological saline infusion.

Reactive oxygen species imaging
-------------------------------

2′,7′-Dichlorofluorescein diacetate (H~2~-DCFDA), which oxidizes to the fluorescent 2′,7′-dichlorofluorescein (DCF), was used to measure intracellular H~2~O~2~ levels. H~2~-DCFDA was directly injected into CA1 pyramidal neurons via the patch pipette under whole-cell recording conditions using a protocol modified from [@b6]. Briefly, individual CA1 pyramidal neurons were visualized with differential interference contrast optics under infrared illumination. Recording electrodes (4--7 MΩ) were pulled from borosilicate glass and backfilled with a mixture of patch pipette solution (composition in mmol/L: 140 K^+^-gluconate, 10 HEPES, 2 MgCl~2~, 1 CaCl~2~, 1 EGTA, and 2 K~2~ATP, pH = 7.25) and H~2~-DCFDA (7 μmol/L). All electrophysiological experiments were performed using the tight-seal, whole-cell configuration. Resting membrane potential and membrane conductance of CA1 pyramidal neurons were determined in current-clamp mode after a minimum 20 min incubation period with physiological saline. Fluorescence was measured with a Stallion 2 imaging system (Carl Zeiss Microimaging, Inc.) using an Axiocam camera mounted to an Axioskop FS2 microscope. After a 20-min period of equilibration, images were recorded every 20 s under fluorescence (exposure time, \< 400 ms). Fluorescence intensity after drug application was analyzed using a slide book (Intelligent Imaging Innovation, Santa Monica, CA, USA). Neuronal fluorescence was normalized to background (i.e., cell-free area) fluorescence. In separate ROS imaging experiments, brain slices were incubated in physiological saline mixed with 50 μmol/L dihydroethidium (DHE) for 30 min and then imaged to detect changes in fluorescence intensity of CA1 pyramidal neurons after either Rot or 3-NP application. Captured images were acquired under fluorescence (exposure time, 50--100 ms) every 30 s.

Measurement of catalase activity
--------------------------------

Brain slices were prepared as described above and treated with either H~2~O~2~ (2 mmol/L) or a ketone cocktail (BHB plus ACA, 1 mmol/L each), or simultaneously exposed to both ketones and H~2~O~2~. After treatment, tissue samples (400 μm thickness) were micro-dissected from the CA1 region using 18-gauge needles to ensure uniformity of size. Each assay sample (1 mg total tissue) consisted of three individual micro-dissected CA1 sections, combined and weighed in a microcentrifuge tube. Samples were homogenized in 25 μL of 0.1 mol Tris--HCl and then sonicated for 10 min. After sonication, each sample was subjected to centrifugation (5 min at 14 000 *g*, 4°C) and the supernatant was collected for analysis. All samples were mixed with reagents from a commercial catalase assay kit (Amplex Red Catalase Assay Kit; A22180; Molecular Probes, Eugene, OR, USA) and subjected to incubations according to the manufacturer's instructions. Light absorbance from the oxidation product, resofurin, was detected at 560 nm using a microplate reader (Bio-Rad Model 680, Hercules, CA, USA). Each sample was normalized to a control (i.e., no catalase) and then compared to a catalase standard curve obtained from serial dilutions of a catalase stock solution provided with the kit.

ATP assay
---------

Tissue samples were micro-dissected from the CA1 region of rat brain slices (*n*= 8--10 in each experimental group from three to four rats) using 18-gauge needles under a microscope. Each sample was weighed in a microcentrifuge tube and then sonicated in 5% trichloroacetic acid (100-fold dilution; volume/weight) to block ATP degradation. After 10 min of sonication, samples were subjected to centrifugation (2 min at 14 000 *g*, 4°C). For each sample, 10 μL of supernatant was diluted 1000-fold in phosphate-buffered saline and then mixed with the Enlighten ATP assay kit reagents (Promega, Medison, WI, USA) according to the manufacturer's instructions. Light output from each reaction was captured in a TD-20/20 Luminometer (Turner Biosystems, Sunnyvale, CA, USA) and then compared to an ATP standard curve obtained from serial dilutions of an ATP stock solution provided with the kit.

Drugs
-----

All chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated. The following agents were used: BHB, sodium salt; ACA, lithium salt; catalase (from bovine liver); 3-nitropropionic acid (3-NP); Mn(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP; Calbiochem, La Jolla, CA, USA) and glutathione monoester (GSHMEE). These chemicals were directly dissolved in physiological saline. Rot was added to physiological saline as a 10 mmol/L stock solution dissolved in dimethylsulfoxide (DMSO). H~2~-DCFDA or dihydroethidium (Molecular Probes) was dissolved in DMSO and then mixed with the applied solution to reach a final DMSO concentration of below 0.01%.

Statistics
----------

Numerical data are expressed as the mean ± SEM for *n* slices. Either a Student's *t*-test or [anova]{.smallcaps} was performed to assess significant differences and variance among different experimental groups. Significance was set at *p*\< 0.05.

Results
=======

Ketones protect synaptic transmission against rotenone in a dose-dependent manner
---------------------------------------------------------------------------------

Previous studies have suggested that rotenone (Rot)-induced neuronal injury may be a consequence of mitochondrial ROS production and ATP depletion ([@b57]; [@b6]; [@b67]). Although Rot-induced pathological changes have been associated with suppression of synaptic transmission, a direct demonstration of this has been elusive. We first tested the effect of Rot, a MRC I inhibitor, on the evoked population spike (PS) in CA1 hippocampus. Upon exposure to 1 μmol/L Rot (10 slices from six rats), the PS amplitude was strongly suppressed to 9.2 ± 4.9% and 16.0 ± 8.3% of baseline within 30 min after Rot application and 40 min after washout, respectively ([Fig. 1a](#fig01){ref-type="fig"}). With 100 nmol/L Rot (16 slices from eight rats), the PS amplitude decreased to 34.2 ± 4.6% of baseline after 30-min incubation, and then increased to 53.1 ± 5.0% of baseline after 40 min of washout ([Fig. 1a](#fig01){ref-type="fig"}).

![Ketones suppress rotenone (Rot)-induced hippocampal synaptic suppression in a dose-dependent manner. (a) Time-course of the mean population spike (PS) amplitude after application of either 100 nM or 1 μM rotenone (Rot) with or without ketones. Either 100 nmol/L (•) or 1 μmol/L () Rot strongly depressed the PS amplitude during and after Rot application. Ketones alone , Each 1 mmol/L) did not alter the PS amplitude. Pre-treatment with ketones fully reversed the synaptic suppression seen with 100 nmol/L Rot (), but this was partially restored with 1 μmol/L Rot (□). In each condition where 0.5 mmol/L ketones were tested against 100 nmol/L Rot (), ketones induced partial protective effects compared to 1 mmol/L ketones. (b) Changes in the mean field potential amplitude before, during, and after either 100 nmol/L or 1 μmol/L Rot with or without ketones. Rot slightly suppressed the field potential amplitude compared to the change in PS amplitude after Rot treatment. Both 100 nmol/L and 1 μmol/L Rot-induced field potentials were partially restored by ketone application. Representative traces of PS or field potentials at respective time-points (i, ii, iii) are depicted in the traces above. The horizontal line in this and following figures indicates the drug infusion period. Data are expressed as mean ± SEM.](jnc0114-0130-f1){#fig01}

Next, to determine whether ketones alone affected the evoked PS, we tested the effects of a cocktail of BHB and ACA (each 1 mmol/L or 0.5 mmol/L). These concentrations were chosen because previous studies demonstrated that CSF concentrations of BHB and ACA were approximately 0.3--0.4 mmol/L after KD treatment in children, and because brain BHB levels had previously been detected in the range of 0.5--1.6 mmol/L ([@b43]; [@b62]). In addition, physiological blood concentrations of ketones were observed to be about l mmol/L during the suckling period in immature rodents or during treatment with the KD in humans ([@b43]; [@b21]; [@b62]).

As expected, the PS amplitude did not change during ketone cocktail infusion and after washout ([Fig. 1a](#fig01){ref-type="fig"}). However, ketones (each 1 mmol/L) strongly rescued the PS depression induced by 100 nmol/L Rot; PS amplitudes measured 93.9 ± 3.8% and 97.0 ± 11.7% of baseline after 30 min of ketones plus Rot application and 40-min washout, respectively (nine slices from five rats; [Fig. 1a](#fig01){ref-type="fig"}). While the PS amplitude in response to 100 nmol/L Rot was partially restored by a cocktail consisting of BHB and ACA (each 0.5 mmol/L), this effect was less than that observed when each ketone applied independently at 1 mmol/L (eight slices from four rats; [Fig. 1a](#fig01){ref-type="fig"}). When slices were exposed to 1 μmol/L Rot, ketones exerted only modest effects, as compared to 1 μmol/L Rot alone (nine slices from four rats; [Fig. 1a](#fig01){ref-type="fig"}).

A recent study reported that either 30 or 100 μmol/L Rot strongly suppressed the corticostriatal field potential amplitude ([@b11]), but the amplitude was only slightly diminished by 1 μmol/L Rot. Interestingly, exposure of CA1 hippocampus to either 1 μmol/L or 100 nmol/L Rot in our hands elicited suppression of the field potential amplitude in a dose-dependent manner; the field potential amplitude decreased to 60.0 ± 3.0% and 27.2 ± 4.9% of baseline after 40 min of Rot application, respectively (14 slices from six rats per each study; [Fig. 1b](#fig01){ref-type="fig"}). Consistent with a lack of an effect of ketones on the PS, the field potential amplitude did not change significantly during a 50-min application of ketones alone. However, ketones applied together with either 1 μmol/L or 100 nmol/L Rot led to partial recovery of the suppressed field potential amplitude: 82.4 ± 8.2% and 35.1 ± 2.5% of baseline after 40 min of ketones plus Rot application (13 slices from five rats per each study; [Fig. 1b](#fig01){ref-type="fig"}).

Ketones protect against 3-nitropropionic acid-induced synaptic suppression
--------------------------------------------------------------------------

In subsequent experiments, we tested whether inhibition of MRC II activity would also result in impairment of hippocampal synaptic transmission. In slices exposed to 0.3 mmol/L 3-NP, the PS amplitude actually increased 110.2 ± 8.2% and 110 ± 7.1% of baseline within 30 min of 3-NP application and 40 min after washout, respectively (data not shown, eight slices from four rats). Conversely, either 1 mmol/L or 10 mmol/L 3-NP strongly decreased the PS amplitude to 28.4 ± 14.8% vs*.* 0.09 ± 0.1% and 34.8 ± 16.3% vs. 0.29 ± 0.12% of baseline at 30 min after the start of drug application and 40 min after washout, respectively (12 slices from five rats; [Fig. 2a](#fig02){ref-type="fig"}). When the two ketones were administered with 1 mmol/L 3-NP, the PS amplitude recovered to 83.5 ± 4.6% and 94.5 ± 6.0% of baseline after 30 min of ketones plus 1 mmol/L 3-NP application and 40 min post-washout, respectively (13 slices from six rats; [Fig. 2a](#fig02){ref-type="fig"}). Similar to our observations with Rot, either ketone alone (0.5 mmol/L) only partially protected the PS amplitude against 1 mmol/L 3-NP (eight slices from four rats; [Fig. 2a](#fig02){ref-type="fig"}). However, ketone-mediated synaptic protective effects were completely abolished by 10 mmol/L 3-NP (12 slices from five rats; [Fig. 2a](#fig02){ref-type="fig"}).

![Ketones mitigate synaptic suppression induced by the mitochondrial complex II inhibitor \[3-nitropropionic acid (3-NP)\]. (a) Either 1 mmol/L (•) or 10 mmol/L () irreversibly suppressed the PS amplitude in CA1 hippocampus. Pre-treatment with ketones did not produce a synaptic protective effect against 10 mmol/L 3-NP (), whereas ketones significantly reduced PS suppression induced by 1 mmol/L 3-NP (), and then restored the PS amplitude to basal levels after a 20-min washout. Lower concentrations of ketones (0.5 mmol/L each) were partially protective (). (b) During the initial period of 1 mmol/L 3-NP treatment (○), the mean field potential amplitude was slightly increased. After 30 min, the field potential showed dramatic decay and then did not change during wash-out. While pre-treatment with ketones slowly decreased the field potential amplitude compared to 1 mmol/L 3-NP alone, no beneficial effect occurred after 60 min of co-application. However, ketones significantly enhanced the recovery of the field potential amplitude after wash-out.](jnc0114-0130-f2){#fig02}

Extending these findings, we measured the changes in field potential amplitude caused by 1 mmol/L 3-NP with and without ketone application. The field potential amplitude initially increased, and then decreased after 60 min of 3-NP exposure; the amplitude changed to 46.5 ± 6.1% of baseline (11 slices from five rats; [Fig. 2b](#fig02){ref-type="fig"}). The smaller field potential induced by 3-NP changed irreversibly during the 30-min washout (45.8 ± 9.5% of baseline). While ketone application resulted in a slight delay of 3-NP-induced synaptic suppression, the field potential amplitude after 60 min of ketones plus 3-NP was not significantly different than with 3-NP alone ([Fig. 2b](#fig02){ref-type="fig"}). Surprisingly, the suppressed field potential after co-application of ketones and 3-NP recovered to 85.0 ± 14.0% of baseline after washout. Overall, these results indicated that ketones provide a functional protective effect against both MRC I and II inhibition in CA1 hippocampus.

Ketones mimic antioxidant effects
---------------------------------

Earlier, we showed that ketones induce neuronal/synaptic protection against oxidative stress via suppression of ROS ([@b29]; [@b36]). Thus, we reasoned that the synaptic protective effect of ketones against MRC dysfunction might involve an antioxidant mechanism. To address this, we first compared the effect of antioxidants -- such as catalase (a direct scavenger of H~2~O~2~), MnTBAP (a superoxide scavenger), and GSHMEE, which are subsequently converted intracellularly to glutathione -- under conditions of ketone-induced protection against MRC inhibitor impairment of the PS. Unexpectedly, neither catalase (600 U/mL; 10 slices from five rats) nor MnTBAP (200 μmol/L; 10 slices from five rats) affected the synaptic suppression induced by 100 nmol/L Rot ([Fig. 3a](#fig03){ref-type="fig"}). Next, to rule out the possibility that the negative effect of co-application of either catalase or MnTBAP with Rot was confounded by a delay in intracellular action, 500 μmol/L GSHMEE was pre-infused for 30 min, and then subsequently co-applied with Rot in hippocampus. Like catalase, GSHMEE failed to exert any beneficial effect against Rot-induced synaptic suppression (10 slices from five rats; [Fig. 3a](#fig03){ref-type="fig"}), supporting the notion that the synaptic protective effect of ketones against 100 nmol/L Rot are ROS-independent.

![Effects of antioxidants on hippocampal synaptic suppression by mitochondrial respiratory complex (MRC) inhibitors. (a) Neither 600 U/mL catalase (•) nor 200 μmol/L MnTBAP (○) blocked the synaptic suppression caused by 100 nmol/L Rot. Pre-treatment with cell-permeable 500 μmol/L GSHMEE () alone also had no effect on Rot-induced PS suppression. (b) Co-application of a cocktail of 600 U/mL catalase and 200 μmol/L MnTBAP with 1 mmol/L 3-NP resulted in recovery of the PS amplitude. Similarly, pre-treatment with GSHMEE also restored the PS amplitude against 3-NP application.](jnc0114-0130-f3){#fig03}

In contrast, co-application of catalase and MnTBAP restored the PS depression induced by 1 mmol/L 3-NP; the PS amplitude measured 79.9 ± 11.0% and 93.4 ± 8.7% of baseline at 30 min after the start of co-application and 40 min after washout, respectively (12 slices from five rats; [Fig. 3b](#fig03){ref-type="fig"}). Similar to the protective effects of catalase and MnTBAP, GSHMEE suppressed 3-NP-induced synaptic impairment; the PS amplitude measured 67.1 ± 8.7% and 78.0 ± 7.2% of baseline at 30 min after at 30 min after the start of co-application and 40 min after washout, respectively (12 slices from five rats; [Fig. 3b](#fig03){ref-type="fig"}). These findings indicated that 3-NP-induced synaptic suppression partially involves ROS generation, and indirectly suggest that ketones-mediated synaptic protection may involve enhanced antioxidant capacity. To explore this possibility, we examined the effects of ketones on standard measures of antioxidant activity.

Ketones enhance catalase activity
---------------------------------

Previous studies have suggested that the therapeutic effects of either the KD or ketones may be because of enhanced glutathione peroxidase activity, and oxidation of Co-enzyme Q and NADH ([@b65]; [@b68]). Intriguingly, developmental increases in glutathione peroxidase activity facilitated resistance to H~2~O~2~ toxicity via activation of catalase in rat oligodendrocytes ([@b7]). To determine whether ketones affect antioxidant capacity, we directly measured changes in levels of this enzyme in CA1 hippocampus after exposure to H~2~O~2~ with or without ketones. A calibration curve relating enzyme activity to absorbance of catalase (on an arbitrary scale) was first established: 0, 125, 500, and 2000 mU/mL catalase corresponded to 0 ± 0, 49.3 ± 3.5, 176 ± 6.6 and 288 ± 7.2 absorbance units, respectively ([Fig. 4](#fig04){ref-type="fig"}). Catalase levels of physiological saline (control), ketones and ketones plus 2 mmol/L H~2~O~2~-treated CA1 hippocampus were 273 ± 8.8, 284 ± 8.5 and 281 ± 5.1, respectively (six samples each from four rats; [Fig. 4](#fig04){ref-type="fig"}); no significant differences among these groups were seen. In contrast, H~2~O~2~ application alone (220 ± 10; seven samples each from four rats; [Fig. 4](#fig04){ref-type="fig"}) significantly decreased catalase levels compared to these three groups (*p*\< 0.01). These data indicated that the synaptic protective effect of ketones may partially involve enhanced antioxidant capacity against ROS-induced oxidative stress.

![Ketones enhance catalase activity under conditions of oxidative stress. Calibration curve demonstrating an increase in arbitrary unit values as catalase dose increases. Similar to the effects seen with 2000 mU/mL of catalase alone, no differences were seen between physiological saline, ketones, and ketones plus 2 mmol/L H~2~O~2~ groups after 3 h of treatment. Conversely, H~2~O~2~ alone significantly decreased the level of catalase compared to the above three groups (\*\*, *p* \< 0.01). NS, not significant.](jnc0114-0130-f4){#fig04}

Ketones suppress ROS generation induced by MRC inhibition
---------------------------------------------------------

Although our initial electrophysiological data suggested that Rot-induced synaptic suppression is ROS-independent, it is well known that a common feature in the early stages of mitochondrial dysfunction is ROS generation ([@b54]; [@b31]). To clarify our initial findings, we directly measured the change in ROS levels in CA1 pyramidal neurons exposed to 100 nmol/L Rot using DCFDA, a cell-permeant indicator which is oxidized to the fluorescent DCF. In this experiment, the change in fluorescence intensity was quantified on an open scale (perceivable signal) comparing neuronal vs*.* non-neuronal areas. While CA1 pyramidal neurons exposed to 100 nmol/L Rot exhibited slight increases in baseline ROS levels for up to 25 min after the start of infusion (nine cells from three rats; [Fig. 5a](#fig05){ref-type="fig"}), overall, the values were not significantly different from the baseline. Furthermore, to exclude the possibility that 2 mmol/L K~2~ATP inside the pipette solution might mask the effect of rotenone, we measured ROS levels in CA1 hippocampal slices after bath incubation of DHE. Consistently, DHE stained cells exposed to 100 nmol/L Rot did not significantly alter ROS level for 50 min ([Fig. 5b](#fig05){ref-type="fig"}). In contrast, cells exposed to 1 μmol/L Rot exhibited significantly higher fluorescence intensities compared to both control and 100 nmol/L Rot-exposed groups (*p*\< 0.05, *n*= 9). And, as predicted, 1 mmol/L 3-NP resulted in a further increase in fluorescence (*n*= 10) compared to 1 μmol/L Rot. The addition of ketones fully prevented this change (*n*= 11) ([Fig. 5b](#fig05){ref-type="fig"}).

![Changes in ROS levels after MRC inhibition. (a) No changes in DCF fluorescence intensity (FI) were seen in CA1 pyramidal neurons exposed to 100 nmol/L Rot over 30 min. (b) In the control group, pyramidal neurons were perfused with aCSF solution containing dithroethidium (DHE), and only a slight increase in DHE intensity was seen over time. Rot evoked a dose-dependent increase in DHE fluorescence intensity, but 100 nmol/L Rot did not evoke a significant change in DHE intensity compared to control. One mmol/L 3-NP prominently enhanced reactive oxygen species (ROS) among the three groups, whereas ketone application largely suppressed ROS generation induced by 3-NP. Values represent mean ± SEM. One way [anova]{.smallcaps} followed by Tukey test; \*, *p* \< 0.05; \*\*, *p* \< 0.01.](jnc0114-0130-f5){#fig05}

Ketones restored ATP depletion caused by H~2~O~2~ and MRC inhibition
--------------------------------------------------------------------

While our data strongly indicated that ketone-induced synaptic protection against MRC dysfunction may partially involve an antioxidant mechanism, impairment of hippocampal synaptic transmission induced by Rot may not in fact be a consequence of ROS generation. In support of this, [@b63] reported that BHB exerted neuroprotective effects against Rot exposure in a model of Parkinson's disease by increasing mitochondrial ATP production. As such, we then asked whether the protective effects of ketones against oxidative stress and MRC inhibition might correlate with ATP levels in the CA1 region of the hippocampus. Ketones produced a small but significant increase in ATP levels of micro-dissected CA1 tissue after exposure for 30 min, 1 h and 2 h (*p*\< 0.05; [Fig. 6](#fig06){ref-type="fig"}). H~2~O~2~ (2 mmol/L) significantly reduced ATP levels to 67.0 ± 6.5% of baseline after 2-h exposure. Co-application of ketones with H~2~O~2~ restored ATP levels to 92.9 ± 4.8% of control. Values were significantly different from those obtained with H~2~O~2~ alone (*p*\< 0.01), but not compared to control ([Fig. 6](#fig06){ref-type="fig"}). Rot (100 nmol/L) significantly decreased ATP levels to 64.9 ± 6.5%, 61.0 ± 5.5% and 63.1 ± 5% of baseline at 30 min, 1 h, and 2 h time-points, respectively (*p*\< 0.01). Co-application of the ketones and Rot (100 nmol/L) resulted in a restoration of ATP levels, to 86.4 ± 4.4%, 88.1 ± 3.9% and 91.7 ± 3.2% of control levels at the three time-points, respectively ([Fig. 6](#fig06){ref-type="fig"}). Differences between control and Rot groups, and between Rot and ketones plus Rot groups were statistically significant (*p*\< 0.01). However, there were no significant differences between the control and the ketones plus Rot groups ([Fig. 6](#fig06){ref-type="fig"}). 3-NP (1 mmol/L) also decreased ATP levels over similar incubation times; the ATP values were 83.6 ± 4.3%, 77.9 ± 4.8% and 30.0 ± 1.5% of control values, respectively. Notably, a 2-h application of 3-NP produced a dramatic decrease in ATP levels (*p*\< 0.001). Conversely, application of ketones plus 3-NP restored ATP levels at two time-points (104 ± 2.1% and 89.1 ± 4.7% of controls at 30 min and after a 1-h exposure, respectively). Although a 2-h application of ketones plus 3-NP significantly increased ATP levels (to 69.3 ± 5.4% of control values; *p*\< 0.001) in CA1 hippocampus compared to the 2-h 3-NP alone treatment group, ketone treatment alone also differed significantly from the controls (*p*\< 0.01). Taken together, these data indicated that ketones may provide functional neuroprotection against MRC dysfunction via ATP restoration.

![Ketones restore ATP levels depleted by oxidative stress and by inhibition of MRC function. ATP levels (represented as % of control) in micro-dissected CA1 tissue samples treated with H~2~O~2~, ketones plus H~2~O~2~, ketones, rotenone, ketones plus rotenone, 3-NP and ketones plus 3-NP are shown at various time-points. Control slices were perfused with physiological saline under similar experimental conditions. Values represent mean ± SEM. Paired *t*-tests were conducted in control *vs.* drug-treated groups; \*, *p* \< 0.05; \*\*, *p* \< 0.01: 2 mmol/L H~2~O~2~*vs.* ketones plus 2 mmol/L H~2~O~2~; \#\#, *p* \< 0.05: 1 mmol/L 3-NP *vs.* ketones plus 1 mmol/L 3-NP; ††, *p* \< 0.01. ANOVA followed by Tukey test; §§, *p* \< 0.01.](jnc0114-0130-f6){#fig06}

Discussion
==========

The principal findings of the current study are that: (i) MRC inhibitors impair hippocampal synaptic transmission; (ii) ketones protect against MRC impairment through restoration of catalase activity and ATP production; (iii) the dose-dependent protective action of ketones against complex I inhibition by Rot is ROS-independent; and (iv) the primary mechanism of acute Rot-induced synaptic suppression may involve ATP depletion. Together, our data suggest that ketones exert antioxidant activity and increase bioenergetic reserves, both of which serve to help maintain normal synaptic integrity in CA1 hippocampus in the face of MRC compromise.

Inhibition of MRC I
-------------------

It is well known that decreased activity of MRC I is linked to the pathogenesis of PD. MRC I inhibitors such as rotenone and MPP^+^ recapitulate the neuropathological features of PD both *in vivo* and *in vitro*. Such neuronal injury is thought to arise from suppression of electron transfer through MRC I, which subsequently triggers mitochondrial ROS production and ATP depletion ([@b57]; [@b67]). However, despite clear morphological data showing the effects of pathologically reduced MRC I activity, parallel evidence of cognitive dysfunction are notably lacking. In the present report, we provide strong evidence that impairment of MRC I results in attenuation of hippocampal synaptic transmission.

Our electrophysiological findings in hippocampus are consistent with a recent report demonstrating that rotenone causes a dose-dependent and irreversible loss of the field potential amplitude in striatal spiny neurons ([@b11]). With respect to the effects of Rot (100 nmol/L) on bioenergetic substrates, our data are also in line with a previous report demonstrating decreased ATP levels in spiny neurons induced by Rot ([@b6]). Moreover, when considered together with our ketone experiments, our data further support an earlier hypothesis that ketone-mediated protection against Rot-induced injury is associated with, and perhaps explained by, the presence of higher levels of bioenergetic substrates such as ATP ([@b63]; [@b41]; [@b67]).

In contrast to earlier studies, however, we did not observe significant changes in ROS levels following Rot (100 nmol/L) application as determined by measurement of ROS (DCF)/superoxide (DHE) fluorescence. Specifically, cell-permeable antioxidants had no effect on hippocampal synaptic suppression induced by Rot. Although our results support the view that Rot-induced synaptic suppression is ROS-independent ([@b15]; [@b57]), we cannot exclude the possibility that higher concentrations of Rot (1 μmol/L) might be necessary to raise ROS levels sufficiently to impair hippocampal synaptic transmission. Collectively, our data suggest that MRC I dysfunction by Rot can lead to dose-dependent synaptic suppression via both ATP-dependent and ROS-independent or dependent mechanisms.

Inhibition of MRC II
--------------------

Succinate dehydrogenase regulates the oxidation of succinate to fumarate, and as such, is a critical enzyme in the tricarboxylic acid cycle, in MRC function, and in maintaining cellular viability. In support of this, inhibition of succinate dehydrogenase activity by 3-NP induced neuronal death, likely caused by depletion of ATP (as a consequence of MRC II inhibition), oxidative stress, and excitotoxicity via calcium influx through NMDA receptors ([@b4]). Furthermore, it has been shown that 3-NP decreases MRC II activity with regional and cell-type specificity within the brain ([@b9]). Intriguingly, however, systemic application of 3-NP preferentially induces CA1 hippocampal injury ([@b47]; [@b53]; [@b25]).

In the present study, acute 3-NP application gradually decreased ATP levels within 1 h, and resulted in a more dramatic drop after 2 h. However, in contrast to our experiments with Rot, antioxidants reversed the suppression of the PS amplitude induced by 3-NP, consistent with increased ROS production. These results support previous studies demonstrating that antioxidants such as vitamin C, vitamin E, and taurine can mitigate 3-NP-induced neuronal injury in rat hippocampus ([@b53]; [@b42]). Collectively, published data and the results of the present study strongly suggest that 3-NP-induced hippocampal synaptic suppression may occur in part through oxidative as well as metabolic stress.

Mechanism of ketone-induced synaptic protection
-----------------------------------------------

Aberrant mitochondrial ROS production has been strongly implicated as a major trigger for pathogenesis of ND ([@b35]; [@b39]). At low concentrations, ROS may play a critical role in normal synaptic function ([@b30]; [@b56]). However, when ROS generation overwhelms cellular antioxidant capacity, synaptic impairment and neuronal injury may ensue ([@b49]; [@b3]; [@b23]). In support of this concept, extracellular H~2~O~2~ levels were highly elevated (to approximately 200 μM) after forebrain ischemic injury ([@b19]; [@b33]) and exogenous application of H~2~O~2~ provoked dose-dependent synaptic impairment ([@b49]; [@b3]).

In this context, our prior studies have shown that ketones exert neuronal/synaptic protection by diminishing oxidative stress, perhaps through an antioxidant action ([@b29]; [@b36]). However, ketones *per se* may not exert direct antioxidant scavenging effects against H~2~O~2~, despite effective scavenging of hydroxyl radicals (with IC~50~ values for BHB and ACA of 3.2 and 31 mM, respectively) as reported by [@b16]. Indirect evidence for ketone-mediated antioxidant activity is evidenced by the fact that the high-fat anticonvulsant KD (which induces significant ketonemia) increases glutathione peroxidase activity and enhances mitochondrial redox status via increased glutathione in rat hippocampus ([@b68]; [@b22]). While it is unclear whether these findings are a direct result of ketone action, our observation that the suppression of catalase activity following oxidative stress can be reversed by ketones lends credence to this notion.

One outstanding issue is whether ketone-induced protective effects can be blocked by MRC II inhibition. In previous studies involving dopaminergic or spinal cord neurons, MRC II inhibitors prevented the beneficial effects of BHB -- which has shown to improve mitochondrial respiration and ATP generation ([@b63]; [@b67]). However, in dopaminergic SH-SY5Y cells, a MRC II inhibitor failed to completely abolish the neuroprotective effect of BHB ([@b20]). Not surprisingly, in the present study, ketones enhanced synaptic protection by preserving both the PS and field potential in the face of Rot exposure through enhanced ATP generation. Interestingly, the synaptic protective effects of ketones against 3-NP exposure exhibited regional specificity (even within the same hippocampus); ketones exerted differential effects on the evoked potential (i.e., population spike vs*.* field potential) and on brain region (stratum pyramidale vs*.* stratum radiatum). Although it is known that impairment of both PS and field potential amplitude *in vitro* by H~2~O~2~ in the hippocampus is dose- and site-specific ([@b49]; [@b3]), the underlying mechanisms for the variability seen in hippocampus remains unclear. Nevertheless, recovery of the PS amplitude after ketone application is more robust than that of the field potential when exposed to Rot or 3-NP. This discrepancy can be explained in part by ketone-induced restoration of ATP levels in CA1 hippocampus, which would contribute to enhanced PS amplitude against MRC dysfunction. Further, these differences may be related to region-specific differences in mitochondrial numbers ([@b46]; [@b27]).

Along similar lines, it has recently been shown that the KD (which induces ketonemia) exerts opposing region- (and possibly age-) specific effects in the aging hippocampus (i.e., CA1 vs. dentate gyrus) ([@b5]). However, age may be an important determinant of the neuroprotection afforded by the KD (and possibly ketones), as the KD rendered protective effects against traumatic brain injury in immature rodents but not in aged animals ([@b2]). Although the differential functional effects of the KD in the aged brain have yet to be elucidated, our present findings strongly support the view that ketones consistently provide synaptic protective effects in the younger brain when challenged by MRC dysfunction. In the end, the synaptic protective mechanisms of ketones against 3-NP neurotoxicity are likely complex, but appear to be related to the enhancement of antioxidant capacity and increases in ATP levels.

Other potential mechanisms
--------------------------

There are several lines of experimental evidence suggesting that either up-regulation or restoration of bioenergetic capacity in mitochondria may underlie the neuroprotective and anticonvulsant effects of adenosine, which has previously been shown to maintain normal synaptic functioning ([@b40]). Notwithstanding the lack of direct evidence of purinergic modulation by ketones, it is conceivable that higher ATP levels induced by ketones may result in enhanced modulation of adenosine A~1~ or A~2A~ receptors. While activation of these receptor subtypes may lead to opposing actions at the level of the hippocampal synapse ([@b52]; [@b34]; [@b55]), further study involving the functional inter-relationships between adenosine receptor activation and ketones will undoubtedly advance our mechanistic understanding of ketone-induced synaptic protection.

Another potential mechanism of ketone-induced neuroprotection is through restoration of Na^+^-K^+^-ATPase function. When the MRC is disrupted, decreased energy supply diminishes Na^+^-K^+^-ATPase activity, thereby destabilizing the resting membrane potential. In support of this, exogenous application of ATP suppressed Rot-induced increases in NMDA currents, whereas this effect was reversed by strophanthidin, ATP-independent sodium channel blocker, suggesting that ATP depletion results in the disrupted membrane potential ([@b66]).

One of the intriguing findings in the present study is that MRC dysfunction strongly reduced ATP levels even in the presence of 10 mmol/L glucose, indicating that ATP derived solely from glycolysis cannot fully compensate for overall cellular ATP demands. Consistent with the protective effect of exogenous ATP application against MRC inhibition ([@b66]), both the present study and previous reports have shown that ketones and the full KD enable conditions of up-regulated ATP synthesis through multiple mechanisms that normalize MRC activity and hence stabilize the mitochondrial inner membrane potential ([@b38]). For example, we have previously shown that ketones enhance NADH oxidation ([@b37]). Further, [@b67] demonstrated that BHB was able to prevent rotenone-induced inhibition of MRC I (but not malonate inhibition of MRC II), and promoted mitochondrial ATP synthesis. On another level, the KD further enhances mitochondrial biogenesis which would be consistent with overall increases in ATP production ([@b8]; [@b44]). Thus, separate from ongoing glycolytic metabolism -- as would be expected under the hippocampal slice recording conditions used in the present study (with 10 mmol/L glucose) -- it is clear that functional synaptic integrity depends upon normal ATP synthesis in mitochondria, and that ketones exert protective effects against MRC impairment, likely through enhanced mitochondrial ATP production and diminution of ROS.

Clinical relevance
------------------

It is well known that MRC dysfunction is a critical hallmark of certain ND ([@b50]). Huntington's disease, characterized clinically by bradykinesia, cognitive impairment, and chorea, has been linked to impaired MRC II function ([@b1]). In AD transgenic mice, mitochondrial dysfunction, along with amyloid precursor protein-induced ROS generation, results in increased energy demands ([@b61]). Similarly, secondary injury following traumatic brain injury may arise from mitochondrial dysfunction, which increases oxidative stress, specifically through facilitation of ROS generation and ATP depletion ([@b59]; [@b45]).

Thus, several attempts to elucidate underlying mechanisms of ND have addressed disrupted mitochondrial ROS/ATP generation resulting from MRC dysfunction ([@b1]; [@b35]; [@b39]), and there is increasing speculation that mitochondrial ROS and ATP might play a role in modulating synaptic transmission ([@b27]). Importantly, the results of the present study link functional synaptic integrity with perturbations in MRC function, and highlight the protective role that ketones play in this regard.

Summary
=======

In the present study, we have shown that ketones help maintain synaptic transmission against oxidative stress, believed to be a common pathogenic mechanism involved in neurodegenerative disorders. Our data suggest that the antioxidant activity of ketones may play an important role in the restoration of synaptic transmission in the face of oxidative injury, and that this protective effect may involve enhanced antioxidant activity and ATP synthesis. With the expanding evidence that ketones exert synaptic protective effects through a number of mechanisms operant at the level of the mitochondrion, there is now a timely opportunity to assess the validity of this novel therapeutic intervention for a variety of neurodegenerative disorders ([@b58]; [@b17]).
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